ABSTRACT In this paper, an emitter-length scalable noise and small signal model for InP heterojunction bipolar transistor (HBT) are presented. A set of scalable expressions for noise parameters based on hybrid-π topology in the low-frequency ranges are derived. The analytical and experimental results show that under the same bias condition, good emitter-length scaling of the noise and small signal model parameters can be achieved between 1.6µm ×10 µm, 1.6µm × 20 µm and 1.6µm × 30 µm InP HBTs.
I. INTRODUCTION
Accurate noise and small signal circuit model of heterojunction bipolar transistors (HBTs) is very attractive for the prediction of device performance analysis in designing of low noise devices and microwave circuits. Most of monolithic microwave and millimeterwave integrated circuits consist of HBTs with various sizes, the scalable models are essential for designing such circuits.
As well known, the output power from a HBT is dependent on its size, the emitter area is often used to describe the size of HBT's [1] . Therefore, an emitter area scalable noise and small signal model as a function of HBT size is required.
Scaling of the small-signal equivalent circuit model dependent on the sizes of base and emitter regions has been investigated [2] - [6] . Once the scalable normalization rules are obtained, the model parameters of different size devices under the same process condition can be determined. Based on the physical scaling rules of single-cell HBT device, the power performance of multifinger unit cells can be evaluated [7] - [13] and provide feedback for process control data. SiGe HBTs are the first practical bandgap-engineered silicon devices, and the small signal model is complicated due to the influence of the lossy Si well substrate region beneath the collector-bulk junction [14] , [15] .
A new emitter-length scalable noise model for InP HBT devices based on hybrid π -topology is proposed in this paper. The scalable rules for extrinsic and intrinsic model parameters are developed in detail. The proposed model can be used to predict the S parameters and noise performance of HBTs with different geometry accurately. This paper is organized as follows. Section II and section III give the scalable equivalent circuit model and corresponding scaling rules. Section IV compares the modeled and measured data with various emitter sizes. The conclusions are discussed in section V.
II. EQUIVALENT CIRCUIT MODEL
Although the hybrid-T model is directly matched to the physics of the device, however, most established largesignal models for HBT devices build upon the GummelPoon formulation and reduce to the hybrid-π topology when linearized. Fig.1 shows the HBT small signal and noise circuit model Fig.1 (a) and Fig.1 (b) are the extrinsic and the intrinsic network, respectively. Based on the relationship between the hybrid-π and T-type model [2] :
where α o denotes the intrinsic current gain at low frequency, the common emitter current gain can be expressed from (1) and (2): The DC current gain β of HBT device is determined by epitaxial growth and processing, the variation of DC current gain β within a wafer is very small and can be neglected, especially the places close to each other. Therefore β can be regard as a parameter which is independent of the device geometry (such as emitter area A E ).
The expression of R be is given as follows:
It can be found that R be is dependent on the base injection current only, and independent of the device geometry.
Based on the discussion above, the transconductance g m (g m = g mo exp(−jωτ π )) and input resistance R π can be regard as the parameters which are independent of the emitter area A E .
The other small signal model parameters such as the extrinsic and intrinsic base-collector capacitances C ex and C µ , base-to-emitter capacitance C π , intrinsic base resistance R bi , and extrinsic resistances are regard as a function of the emitter area A E .
The two correlated intrinsic current noise sources i 2 b and i 2 c can be expressed as following [3] - [5] :
The noise contributions of the two sources related to the collector current are caused by the same electrons. Therefore, the base current shot noise is correlated to collector current shot noise, and the correlation of these sources is given by a time delay.
It is noted that base and collector currents are independent of the emitter area A E , therefore the two correlated current noise sources i 2 b and i 2 c only dependent on the base and collector currents.
III. SCALING OF MODEL PARAMETERS
It is well known, the pad capacitances and feedline inductances do not need any scaling [15] , [16] . The scaling rules of other small signal and noise model parameters will developed in the following. Fig.2 shows the extracted extrinsic resistances R bx , R c and R e versus emitter area A E , it is clearly that the three extrinsic resistances are inversely proportional to the emitter area. Meanwhile the intrinsic base resistance R bi is a linear function of reciprocal of A E and can be expressed as following:
A. SCALING OF SMALL SIGNAL MODEL PARAMETERS
where R bio = 12 and R u bi = 2000 · µm 2 Fig.3(a) shows the extracted capacitances C π , C ex and C bc versus emitter area A E , it can be found that the intrinsic capacitances C π and C bc are proportional to the emitter area. The extrinsic base-collector capacitance C ex is a linear function of A E , and can be expressed as following:
where C exo = 13fF and C u ex = 0.56fF/µm 2 Fig.3 (b) shows the extracted g mo , R o and R π versus emitter area A E , it can be found that all of these parameters are independent of device geometry. From Fig.2 ∼3 , it is obviously that the scaling formulas are determined to be as follows:
where u denotes the unit area.
B. SCALING OF NOISE MODEL PARAMETERS
Based on the noise correlation matrix technique [17] , [18] , the noise model parameter can be carried out as shown in Table 1 . It can be found that all the noise model parameters I b , I c and time delay τ are remain invariant approximately. Noted that minimum noise figure F min , noise resistance R n , optimum source conductance G opt and optimum source susceptance B opt can be determined directly from these three noise model parameters.
In the lower frequency ranges (normally less than 5GHz), the influence of the extrinsic inductances can be neglected, and the correlation between the noise sources is zero. Based on the noise correlation matrix calculation method [17] [18], the intrinsic part noise matrix can be calculated. After adding the influence the extrinsic elements, the four noise parameters can be expressed as following:
where
From (11)- (14), it is obviously that the noise resistance R n can be expressed as a quadratic function of reciprocal of A E because the intrinsic and extrinsic resistances decrease with the increase of the device emitter area A E . The optimum source conductance G opt is inversely proportional to the noise resistance R n , and increases with increase of the device emitter area A E . The optimum source susceptance B opt is determined mainly by base-collector and base-emitter junction capacitances. It is noted that when g m R bi >> 1, the effect of C π on B opt can be neglected, therefore B opt can be regard as a linear function of device emitter area A E . The minimum noise figure F min is a linear function of the VOLUME 7, 2019 noise resistance R n and reciprocal of A E , of course decreases with increase of the device emitter area.
IV. EXPERIMENTAL VERIFICATION
In order to verify the above results, a set of noise and small signal model parameters are determined for InP/InGaAs DHBTs with different emitter area 1.6µm × 10µm, 1.6µm × 20µm and 1.6µm × 30µm. Details of the device structure and fabrication technique have been described elsewhere [19] . Microwave noise parameter measurements are carried out on wafer over the frequency range 2-20GHz using an ATN microwave noise measurement system NP5. the measured and the scaled models determined by using the scaling rules for 1.6µm × 20µm and 1.6µm × 30µm HBT devices. The short circuit gain comparison between modeled and measured data for HBT devices with different emitter area is shown in Fig.6 . The corresponding cutoff frequencies f t are 80GHz, 50GHz and 35GHz roughly under same bias conditions (after de-embedding the pad capacitances). Fig.7 shows the comparison of measured and modeled noise parameters for the 1.6µm × 10µm HBT under bias condition I b = 40µA and V ce = 1.5V. Good agreement over the whole frequency range 2-20GHz is obtained. Fig.8 shows the comparison of measured and modeled noise parameters as a function of emitter area by using the scaling rules at two different frequency points. (14)) and measured data versus frequency for the InP HBT under the same bias conditions (I b = 40µA, V ce = 1.5V). Good agreement is observed. It can be found that minimum noise figure F min decreases slowly with the increase of the emitter area, and the noise resistance R n decreases rapidly with increasing the emitter area. The optimum source susceptance B opt increases with increase of the device emitter area, and is a linear function approximately.
B. NOISE MODEL VERIFICATION

V. CONCLUSION
The relationship between noise model parameters and emitter-length for HBT is developed in this paper. A set of analytical expressions of noise parameters are given, and experimental results show that under same bias condition, good scaling of the noise and small signal model parameters can be achieved between 1.6µm × 10µm, 1.6µm × 20µm and 1.6µm × 30µm InP HBTs.
